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Abstract

®

CrossMark

In this work, comparative x-ray diffraction (XRD) and Rutherford backscattering spectrometry
(RBS) measurements allow a comprehensive characterization of Al;_,In,N thin films

grown on GaN. Within the limits of experimental accuracy, and in the compositional range
0.08 < x < 0.28, the lattice parameters of the alloys generally obey Vegard’s rule, varying
linearly with the InN fraction. Results are also consistent with the small deviation from linear
behaviour suggested by Darakchieva et al (2008 Appl. Phys. Lett. 93 261908). However,
unintentional incorporation of Ga, revealed by atom probe tomography (APT) at levels below
the detection limit for RBS, may also affect the lattice parameters. Furthermore, in certain
samples the compositions determined by XRD and RBS differ significantly. This fact, which
was interpreted in earlier publications as an indication of a deviation from Vegard’s rule,

may rather be ascribed to the influence of defects or impurities on the lattice parameters of
the alloy. The wide-ranging set of Al;_,In,N films studied allowed furthermore a detailed
investigation of the composition leading to lattice-matching of Al;_,In,N/GaN bilayers.

Keywords: IlI-nitrides, AlInN, RBS, XRD, atom probe tomography, Vegard’s rule

(Some figures may appear in colour only in the online journal)

1. Introduction

Since the millennium, the optical and electrical properties of
II-nitride ternaries (Al;_,Ga,N, In,Ga;_yN and Al;_,In,N)
have been explored extensively in the fields of opto- and
microelectronics [1]. The band-gap of Al;_,In,N can, in prin-
ciple, be tuned from the 0.7eV of InN to the 6.2eV of AIN

1361-6463/17/205107+11$33.00

[2], but particular interest focusses on alloys with InN molar
fractions around 17-18% which are nearly lattice-matched to
GaN. This allows the growth of strain-engineered heterostruc-
tures since, in contrast to the cases of Al;_,Ga,N/GaN and
InyGa;_yN/GaN, the strain state in Al; _,In,N/GaN can be tuned
from tensile to compressive by changing the alloy composi-
tion. Furthermore, the growth of low-strain Al;_,In,N/GaN
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heterostructures with low densities of strain-induced defects,
large band offsets as well as strong polarisation fields prom-
ises applications ranging from Bragg mirrors and microcavi-
ties [3, 4] to high mobility transistors [5, 6]. Al;—In,N can
also be used as sacrificial layer for the processing of 3D GaN
structures by etching [3, 7].

Because of the large differences in the thermodynamic
properties, ionic sizes and ionicity of the constituting bina-
ries, growth of highly crystalline, single-phase Al;_,In,N in
the entire compositional range is challenging. For growth by
metal organic chemical vapour deposition (MOCVD), quality
quickly deteriorates for InN contents above ~30% due to strain
relaxation and phase separation [8, 9]. Ternaries with high InN
contents are more readily obtained by low temperature growth
techniques such as molecular beam epitaxy (MBE) [10-13]
or reactive frequency magnetron sputtering (REMS) [14-19].
On the other hand, many MOCVD groups have grown high
quality Al;_,In,N/GaN in the near-lattice-matched region
[3, 8, 20-26].

Despite considerable progress in growing Al;_,In,N/GaN,
several fundamental principles are still in dispute. Perhaps the
central one is the question of Vegard’s rule. Almost a century
ago, Vegard stated that, as a rule, the relaxed lattice param-
eters of a ternary compound can be obtained by linear interpo-
lation between the relaxed lattice parameters of the respective
binaries [27]. Corrections to Vegard’s rule for the Al;_,In,N
system, adding a bowing parameter to the linear relation-
ship between the lattice parameters, have been proposed on
the basis of density functional theory (DFT) calculations
[28-30]. Some of the present authors reported experimental
evidence of a possible deviation from Vegard’s rule, based on
arestricted set of samples; the study compared sample compo-
sitions measured by x-ray diffraction (XRD) and Rutherford
backscattering spectrometry (RBS) [20]. Various works have
indicated that the InN content of Al,_,In,N thin films derived
from XRD is likely to be higher than that measured by RBS
[14, 20, 31]. However, in some samples the observed devia-
tions are higher than in others. Darakchieva et al suggested
that relaxed Al _,In,N follows Vegard’s rule while deviations
occur for strained layers [31]. Very high discrepancies between
compositions measured by XRD and RBS are reported for
samples produced by sputtering which cannot be explained
by a general deviation from Vegard’s rule but suggest instead
that high defect densities in these layers introduce hydrostatic
strain [14, 19].

In this work, we explore further a possible deviation of
Vegard’s rule for wurtzite Al;_,In,N by comparing the com-
position of a significantly large set of near-lattice-matched
Al,_,In,N/GaN bilayers grown in three different MOCVD
reactors. Within experimental uncertainty a good agreement
between XRD and RBS compositional analysis is found and
this agreement is even improved by applying the small modi-
fication to Vegard’s rule proposed by Darakchieva et al [30]:

E0) = x4+ (1 — )€™ 4 §ex(1 — x). 1)

with £ =a,c where 6, =0.0412+0.0039 A and 6, =
—0.060 + 0.010 A describe bowing parameters for a and ¢

lattice parameters, respectively. However, defects and impu-
rities, in particular unintentional Ga incorporation, will also
affect lattice parameters and need to be considered. The impli-
cations of Vegard’s rule corrections as well as hydrostatic
strains on finding the exact lattice-matched composition are
discussed.

2. Experimental details

2.1 Sample growth

Three sets of Al;_,In,N/GaN bilayers (C, S and T) were grown
by MOCVD using two different close-coupled showerhead
reactors (sets C and T) and one horizontal-flow reactor (set S).
Al;_,In,N films with compositions bracketing lattice-match
(0.08 < x < 0.28) and thicknesses from 20 to 220nm were
mainly grown on GaN buffer layers of ~1-6 ym thickness. All
samples were grown under typical MOCVD growth condi-
tions, employing trimethylgallium (TMGa), trimethylindium
(TMIn) and trimethylaluminium (TMALI) as metal precursors
and ammonia as the group-V precursor. Details have been
published previously for series C [22] (10 samples), S [32]
(31 samples) and T [21] (10 samples). The majority of the
growth templates consisted of GaN/sapphire pre-grown in
the same growth reactor as the alloy but the S series includes
two samples grown on thick (8—10 pgm) commercial GaN-on-
sapphire templates, and one on a free-standing GaN substrate,
all purchased from Lumilog [33]. Due to the fact that the
lattice parameters of these GaN templates all differ from one
another, slightly different Al,_,In,N/GaN lattice match con-
ditions are anticipated. It should be noticed that the growth
protocol was similar for the three sample sets. First a thin GaN
layer was grown at high temperature even when using GaN
substrates or GaN/sapphire templates. Then the growth was
stopped and the temperature ramped down before starting the
Al _,In,N growth at lower temperature (around 800 °C).

2.2. Characterization techniques

The Al;_,In,N/GaN samples were analysed using XRD and
RBS/Channelling (RBS/C). Chemical composition derived
from both techniques was measured in the same region of the
sample.

XRD measurements were performed on a Bruker D8 AXS
diffractometer. A Gobel mirror, placed in the primary beam
path, was used to achieve a parallel beam. The Cu K, line
was then selected using a 2-bounce Ge (22 (0) monochromator.
To decrease the horizontal angular divergence, a 0.2 mm wide
slit was placed between the Gobel mirror and the monochro-
mator collimating the beam to 10 x 0.2mm? Asymmetric
reciprocal space maps (RSM) were acquired using a 0.1 mm
slit placed in front of a scintillation detector. Rocking curves
(RC) were measured using the open detector.

RBS/C measurements were performed on a Van de Graaff
accelerator using a 2 MeV He™ ion beam of 1 mm diameter. A
Si surface barrier detector and a pin diode are placed at back-
scattering angles of 140° and 165°, respectively, to collect the
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Figure 1. RSM around the Al;_,In,N and GaN 1 0 1 5 reciprocal lattice points for six representative Al;_In,N/GaN samples. The InN
molar fractions given in the header were determined from the XRD RSM themselves.

backscattered particles. Random RBS spectra were acquired
by tilting the surface normal by 5° away from the analysing
beam and rotating the sample during the measurement to sup-
press channelling effects. Compositions and their uncertain-
ties were then derived by careful manual analysis as described
in detail in [34]. Furthermore, RBS/C spectra were acquired
by aligning the beam with the (000 1) direction in order to
assess the single crystalline quality of the layers.

To facilitate understanding the origin of deviations between
XRD and RBS/C compositional analysis, two samples of set
C were chosen and studied by atom probe tomography (APT).
A local electrode atom probe (LEAP) (CAMECA: 5000XR)
was used to examine the Al;_,In,N layer of sample CI at a
laser pulse energy of 0.02 nJ (UV laser, 355nm emission
wavelength). The Al,_,In,N layer of sample C2 was studied
by a LEAP (CAMECA: 3000X HR) with 0.54 nJ laser energy
(Green laser, 532nm emission wavelength). The LEAP
5000XR has a higher detector efficiency of 0.52, compared
to 0.37 for the LEAP 3000X HR, although both instruments
are fitted with a reflectron for high resolution mass spectrum
analysis. In each APT acquisition, the base temperature of
the sample was set at 30K and evaporation rate was main-
tained at 0.005-0.01 ions per pulse. APT reconstruction and
analysis were carried out using a CAMECA IVAS™ software
package calibrated by the thicknesses of Al;_,In,N layers
measured by XRD. APT samples were prepared using a dual
beam focussed ion beam based lift-out technique (FEI: Helios
NanoLab ") [35].

3. Results and discussion

3.1. Structural characterisation

Representative (1015) XRD RSM are shown in figure 1
for six Al;_,In,N ternaries with different compositions.
The InN content of these Al;_,In,N thin films is increasing
from left to right as seen by the shifting of the O, peak posi-
tion, given the known inverse proportionality between Qz
and c lattice parameter [36]. a and c lattice parameters can

then be calculated using the expressions ¢ = [ - 27/Q; and

a = 2m+\J4/3 - (h* + k?)/Qx, with h, k and [ being the Miller
indices of the measured reflection. According to Vegard’s
rule, the ternary’s c lattice parameter equals that of the GaN
buffer layer at approximately 24.7% of InN. In this situation,
the XRD peaks of film and template overlap and exact infor-
mation on composition and crystal quality is difficult to obtain
via XRD.

The differences in the a-lattice parameters of the GaN
templates and the Al;_,In,N films extracted from the RSM
are typically below 0.002 A. This difference is similar to the
uncertainty of finding the peak position in the maps and shows
that that these Al;_,In,N alloys are pseudomorphic, that is
fully strained to the respective GaN templates.

Examples of (1014) asymmetric and (0004) symmetric
XRD RCs are shown in figure 2. The full widths at half
maximum of the RCs lie between 0.08 ° and 0.15 ° for ter-
nary films of thicknesses in the range between 50 and 160 nm
(which is the case for the great majority of the analysed sam-
ples) and InN molar fractions between 8% and 28%, revealing
a state-of-the-art quality of all samples. The RC FWHM is
below 0.07° for all GaN templates. The broadening of the
XRD RC:s of the ternaries is mainly attributed to the finite film
thicknesses and defects. Within the interval studied here, the
effect of the composition on the XRD RC broadening can be
neglected.

Measuring the RBS/C minimum yield further assesses the
crystalline quality. The minimum yield is the ratio between
the yield in the aligned spectrum to that of the random RBS
yield [37]. Values for pseudomorphic samples ranged from
4% to 10% for the ternary layers indicating a very good and
homogeneous crystal quality for the samples used in the com-
positional analysis.

The morphology and defect type of the three sample sets
have been subject of previous investigations [21, 22, 38]. All
three sample sets revealed similar features. In fully strained
samples, the surface shows typical rms roughness values
below 1nm showing hillocks and V-pits independently of
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Figure 2. (a)—(d) Experimental XRD RCs of the (1014%,1014") asymmetric and (0004",0004") symmetric reflections (symbols) and
fits using a pseudo-Voigt function (solid red lines). The lattice parameters are determined using the measured RC centres and applying
the principles from the extended Bond method [40]. The insets show schematics indicating the angle of incidence of the x-ray beam with

— —
respect to the sample surface, w;. k; and k, are the wave vectors of the incident and diffracted x-ray beam, respectively, and 20 is the angle

between them.

reactor type and layer thickness. Threading dislocations, the
dominant defects in III-nitride heterostructures, initiate in
the sapphire/GaN interface and cross the entire heterostruc-
ture. At the surface they may or may not be terminated by
V-pits, depending on the growth conditions [38]. No addi-
tional dislocations are formed at the GaN/Al, _,In,N interface,
as expected for near lattice-matched growth. However, the
V-pit size increases with layer thickness and overlap of these
defects can deteriorate the surface quality [38]. Nevertheless,
no macroscopic strain relaxation was measured for the thicker
layers analysed in this study, which in fact were all grown
with a composition very close to lattice-matching. A small
number of samples with very low or very high InN content
showed signs of strain relaxation. In particular, tensile strain
relaxes via crack formation [22] while compressive strain was
shown to lead to surface roughening and sometimes compo-
sitional grading [9]. In either case, the relaxation is readily
observed in the RSM and these samples were not included in
the following study since the resulting asymmetric broadening
of XRD curves increases the uncertainty in the XRD compo-
sitional analysis, i.e. all samples considered in the following
sections are pseudomorphic within experimental accuracy.

Samples with high minimum yield or compositional gra-
dients (evidenced by RBS) were also removed from the study
in order to allow an exact evaluation of a possible deviation
from Vegard’s rule. Accordingly, from a total of 51 samples,
5 were removed.

3.2. Compositional analysis

The procedure to extract the composition of the Al;_,In,N
films and its uncertainty from random RBS spectra by manual
analysis has been reported elsewhere [34]. This methodology
consists in measuring with high accuracy the In/Al ratio in the
film and assuming pure Al;_,In,N layers without contamina-
tions. The results were confirmed by fitting the RBS spectra
using the NDF code [39]. For XRD compositional analysis, a
and c lattice parameters were derived for Al;_,In,N as well as
the GaN buffer layer separately by the extended Bond method
[40]. For this XRD RCs were acquired using the (1014%,
10147) asymmetric and (0004%, 0004~) symmetric reflec-
tions. The superscripts denote the position of the x-ray
detector with respect to the sample as indicated in the insets
of figures 2(a)—(d) which show examples of the experimental
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Table 1. Relaxed lattice parameters of the binaries AIN [42] and
InN [43] and stiffness coefficients [43, 44] used in this work.

Binary ag (A) co (A) C13(GPa) Cs3 (GPa)
AIN 3.111 4.98 99 389
InN 3.53774 5.7037 121 182

Al;_,In,N RCs as well as their fits using a Pseudo-Voigt func-
tion. The insets show schematics indicating the angle of inci-
dence of the x-ray beam with respect to the sample surface,
w;. From the relative positions of the W?Boo 4 RC centres, the
c lattice parameters are derived which are then used together
with the w,-iloi 4 RC centres to calculate the a lattice param-
eters. Consequently the uncertainty in a is higher than that
in ¢. This uncertainty is dominated by the error in finding the
centre of each reflection while the effects of mechanical posi-
tioning of the goniometer, the x-ray wavelength and correc-
tion for refractive index are one order of magnitude lower. The
last factor was not considered here. Maximum uncertainties
are Aa ~0.002 A and Ac ~0.001 A.

To determine the composition, Poisson’s equation was
used assuming biaxial strain in addition to Vegard’s rule [41].
The relaxed ap and ¢ lattice parameters of AIN and InN and
respective Ci3 and Css stiffness coefficients [42—44] used in
this work are listed in table 1.

The presence of biaxial strain leads to a tetragonal dist-
ortion of the Al;_,In,N unit cell. As a consequence, strain
also changes the separation of atomic planes. Composition
and strain contributions must then be separated by relating the
parallel, ¢,,, and perpendicular, €., components of the defor-
mation with the elastic constants of the alloy [45]. This is done
in terms of the distortion factor D [41]:

CAl_ IngN—c((x)

Exx 1-— v C33 —aA1]7XI“XN7a0(X) '
ao(x)

where Ci3, Cs3 are the xz and zz components of the strain
tensor, v is the Poisson ratio, a/caj, N are the measured a/c
lattice parameters of the film and ay/co(x) the expected a/c lat-
tice parameters for a relaxed alloy with InN molar fraction x.
From equation (2) the following relation between the lattice
parameters of a compound, its stiffness coefficients and com-
position is derived,

o) G ™

ag(x) Chp-—mN

F(x) = cay_ N — {Co(x) +2

[laay_nN — ao(x)] } =0, 3)

where the relaxed lattice parameters of the ternaries (ag(x)
and co(x)) and their stiffness coefficients (Cf%l'**Ian
C?;”IHXN) are calculated by applying Vegard’s rule to the
reported values of the binaries (table 1). The validity of
Vegard’s rule for the Cj3 and Cs; stiffness coefficients has
been confirmed by DFT calculations showing approximately
linear behaviour [46, 47].

and

O —
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Figure 3. Graphical representation of equation (3) corresponding to
a sample with an InN molar fraction of x = 0.173.

The solution to equation (3) can be obtained numerically
or graphically. Figure 3 represents the function F(x) and con-
firms that within the region of interest (0 < x < 1) this func-
tion has only one solution. In this work, a combination of
bisection, secant and inverse quadratic interpolation methods
was used to solve equation (3) numerically [48]. The uncer-
tainty in the InN molar fraction is then found by deriving the
alloy composition for a = Aa and ¢ £ Ac. Thus, the lower
and upper bounds on the InN content are obtained and the
uncertainty is derived as being half of the difference between
these limits leading to maximum values of Ax = 0.002 for the
present sample set.

Figure 4 shows the InN content derived from XRD using
either Vegard’s rule directly or applying the modification
described by equation (1) [30]. The XRD results are plotted
against the values measured by RBS for the three sample
series. As can be verified from figure 4, for the majority of
samples the InN contents derived by XRD (xxgrp) using
Vegard’s rule agree with the values determined by RBS (xrps)
within the uncertainty of the measurements. The uncertainty
of Ax ~ 0.002 maximum in XRD is represented by the height
of the symbols. Note that this value only reflects the exper-
imental uncertainty in the determination of the lattice param-
eters. Systematic errors in the composition determined by
XRD will be introduced when using inappropriate values of
the materials’ parameters summarised in table 1, when further
corrections to Vegard’s rule are necessary or when hydrostatic
strain is present. The uncertainty in xggs varies from 0.003
for low InN contents to 0.01 for high InN contents with an
average of 0.007.

Two samples of set C, sample C1 which shows a good
agreement on measured InN composition by RBS and XRD
as well as sample C2 with a comparable InN composition
but showing a discrepancy between the compositions meas-
ured by RBS and XRD, were further analysed by APT. The
samples were grown using the same growth protocols but not
in consecutive growth runs suggesting that any differences
that occur are due to the specific reactor growth history. It
is worth noting that APT analysis of the stoichiometry of
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Figure 4. InN content derived from XRD using Vegard’s rule [27] or the modified Vegard’s rule described by equation (1) [30] as a
function of the InN content measured by RBS for sample series C (a), S (b) and T (c). The dashed lines represent the case for which
xxrp = XrBs. Samples C1 and C2 (marked in (a)) were further analysed by APT.

[II-nitride materials is significantly dependent on the param-
eters used in the APT experiment for reasons which are still
under debate [35, 49-52]. Nevertheless, for the analysis
of both In;_,Ga,N and Al;_,In,N, the measured fraction of
metallic sites occupied by In atoms has been found to be
relatively stable to the running conditions [53]. This is not,
however, true of Al;_,Ga,N, where the measured composi-
tion has been found to be sensitive to the surface field [54].
The quaternary alloy Al;_,_,Ga,InN has not been thoroughly
studied. For the sake of simplicity, metallic sites, namely In,
Al and Ga atoms, were analysed only throughout the APT
analysis in this work with the assumption that the group
[II:group V ratio is stoichiometric, i.e. 1:1, allowing InN,
AIN and GaN fractions to be reported.

Figures 5(a) and (c) depict the three-dimensional (3D)
distribution of Ga and In atoms in the samples C1 and C2,
respectively, where 10% Al iso-concentration surfaces were
used to highlight the relative interfaces of Al;_,In,N/GaN
layers. It is clear that a considerable amount of incorporated
Ga atoms can be observed in Al;_,In,N layer C2. In contrast,
there are only trace levels in C1. Ga distributions in both sam-
ples were further quantified using a ‘proxigram’ (proximity

histogram which measures elemental concentration as a
function of distance from the GaN/InAIN interface) com-
puted by the 10% Al iso-concentration surface. As shown in
figure 5(b), sample C1 presents an abrupt interface and only
a slight contamination with 0.4% GaN. On the other hand,
for sample C2, a strong Ga-contamination within a thin layer
close to the interface with GaN is observed which decreases
rapidly towards the surface but remains higher (~1% GaN)
than in sample C1.

The average GaN molar fraction in Al;_,In,N layers is
about 0.004 in sample C1 and 0.05 in C2. Table 2 shows the
summary of measured compositions of these two samples.
It should be pointed out that the compositions in this table
measured by APT are the average values so as to compare
with the measurements by RBS and XRD. In APT data, sev-
eral data points towards the exposed Al;_,In,N surfaces were
excluded, since large uncertainties were caused by analysis
artefacts associated with very low counts.

These results are consistent with several studies in the
literature reporting parasitic Ga-incorporation in Al;_,JIn,N
layers where the exact Ga-profiles will depend on the history
of previous growth runs in the reactor [35, 55-60].
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Figure 5. APT analysis of two samples of set C. (a) and (c) 3D images showing reconstructed 10% In atoms and 5% Ga atoms for samples
C1 and C2, respectively, where 10% Al iso-concentration surfaces were used to mark the interfaces of Al,_,In,N/GaN. (b) Corresponding
Ga profiles of the two samples calculated using a proximity program of 10% Al iso-concentration surfaces.

Table 2. Summary of measured compositions of samples C1 and C2. The number in round bracket shows the uncertainty in the last digit
of each measured value. Note that the values for InN (RBS) and InN (XRD) do not take into account systematic errors due to unintentional
Ga-incorporation. For the case of APT the results were averaged over the layer thickness in order to allow comparison with the other
techniques. The measured a and ¢ lattice parameters are also given and InN(XRD) was derived using Vegard’s rule.

APT RBS XRD
Sample GaN InN In/Al InN In/Al InN a(A) ¢ (A)
Cl1 0.004 (2) 0.17 (1) 0.21 (1) 0.161 (6) 0.19 (1) 0.168 (2) 3.1845 5.0994
C2 0.05 (1) 0.21 (2) 0.28 (3) 0.166 (9) 0.20 (1) 0.179 (2) 3.1854 5.1119
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Figure 6. Parallel (¢") (filled symbols) and perpendicular () (empty symbols) deformations as a function of the RBS InN content using
Vegard’s rule [27] (a) and the modification of Vegard’s rule described by equation (1) [30] (b). Blue circles correspond to series S, black
squares to series C and red triangles to series T. Note that both sub-figures correspond to the same RBS and XRD experimental data.

3.83. Strain evaluation

Figure 6 shows the Al;_,In,N parallel and perpendicular
deformations as a function of the InN content measured by
RBS.

The lattice-match condition of an Al;_,In,N film grown
on a GaN template is the condition where the film and the
template are pseudomorphic, i.e. @gim — Gemplae = 0, and at
the same time the deformations parallel (¢l =

and perpendicular (- = %) g the sample surface are
o

Ameasured — 40 )
a

zero, that is, the film is relaxed. This condition depends on

the composition of the film and on the g-parameter of its GaN
substrate (or template). Therefore, the lattice-match condition
depends on the strain states of the different GaN templates
used in this work. For example, GaN grown on c-sapphire
is usually under compressive strain [61]. Therefore, the film
grown on freestanding GaN was not included in figure 6. The
differences between the different GalN/sapphire templates
prove to be negligible here as can be seen from the fact that
the values of ¢!l are well described by a linear fit with little
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scatter. In fact, the good agreement with the expected linear
behaviour confirms that no measurable relaxation takes place.
The a lattice parameter of a pseudomorphic Al,_,In,N film
is determined solely by the a lattice parameter of the GaN
template and is unaffected by the eventual presence of hydro-
static strain due to defects. On the contrary, such hydrostatic
strains will lead to a variation of the ¢ lattice parameter and
it is likely that such effects are behind the large scattering of
the values for e in figure 6. On the other hand, the uncer-
tainty of the RBS measurements will also have an influence
via the calculation of the relaxed lattice parameters. Note that
this scattering would not be apparent if e+ were to be plotted
against xxgp since a variation in c lattice parameter is auto-
matically interpreted as a variation in composition and not in
hydrostatic strain.

Finally, the lattice-match condition is found by using
linear fits of the parallel and perpendicular deformations as
a function of the InN content as shown in figure 6 to deter-
mine the intersection at el = - = 0. The uncertainty in the
lattice-match InN molar fraction is found using the fit coef-
ficients and their errors. The intersection of the linear fits for
parallel and perpendicular deformation yield lattice-match
condition for xy,n(LM) = 0.168 % 0.004 when using Vegard’s
rule (figure 6(a)). Using the modification of Vegard’s rule
described in equation (1) [30] the lattice match conditions is
xmn(LM) = 0.187 £ 0.004 (figure 6(b)).

3.4. Discussion

Good agreement between the composition determined by
RBS and XRD is found for 74% of the analysed samples (see
figure 4). However, as already observed in previous reports
[20, 31], the XRD values tend to exceed the InN molar frac-
tions measured by RBS. In fact, most of the data points in
figure 4 lie above the m = 1 guide line for which xggs = xxrD
suggesting that, indeed, a correction to Vegard’s rule might
be required for the Al;_,In,N alloy. Applying the modifica-
tion to Vegard’s rule described in equation (1) [30], agreement
between the two techniques is found for 87% of the measured
samples (figure 4). Another indication for a deviation from
Vegard’s rule is the fact that the interception of the two linear
curves for £/l and 7 in figure 6(a) does not occur at zero but
instead at about 0.05%. Again the modification of Vegard’s
rule [30] does improve these results since the intersection of el
and e of figure 6(b) occurs practically at ell = e+ = 0.
Although these findings show that our results are com-
patible with the proposed modification of Vegard’s rule in
equation (1) [30], they are no proof since other issues need
to be considered. Namely, systematic deviations between the
two techniques may alternatively be explained by inadequate
values of the relaxed lattice parameters of the binaries or the
stiffness coefficients used to determine the composition by
XRD. In particular, the InN lattice parameters determined
experimentally or theoretically show some dispersion in the
literature [43]. The effect of using different published InN
lattice parameters from [43] on the InN molar fraction deter-
mined by XRD is approximately Ax = 0.002. In addition to
the uncertainty in the binary lattice parameters, tests using the

different AIN and InN binary stiffness coefficients reported in
[43, 44] also yielded maximum differences on the InN molar
fraction of Ax =0.002. As an example, we calculated the
InN molar fractions using the lattice parameters and stiffness
constants recommended by Morales ef al [62]. The difference
between the resultant values for x depends on the composition
but is below 0.002 for all samples. Although small, this differ-
ence raises the fraction of samples agreeing with Vegard’s rule
from 74% to 78% while when applying the bowing param-
eters to Vegard’s rule the agreement remains at 87% for both
sets of materials constants. In conclusion, uncertainties in the
lattice parameters and stiffness constants of the binaries have
an effect of the same order of magnitude as the modification
to Vegard’s rule described in equation (1). Note that the errors
introduced by incorrect stiffness parameters or bowing can be
much higher for the case of semipolar material than for the
c-plane samples investigated here [47].

Several samples show very high discrepancies between the
compositions determined by XRD and RBS. Obviously, these
can neither be explained by the uncertainties on Vegard’s rule
nor on binary parameters, which should of course affect all
samples. The presence of defects, impurities or microscopic
phase separations may explain such large deviations. Indeed, a
strong increase of the ¢ lattice parameter was observed in GaN
upon creation of point defects by particle irradiation [63, 64].
If similar point defects introduce hydrostatic strain during the
heterostructure growth, as for example observed for sputter
deposited Al;_,In,N [19], this can explain the overestimation
of the InN molar fraction by XRD. In MBE grown Al,_,In,N,
discrepancies between the compositions measured by energy
dispersive x-ray (EDX) analysis and XRD have been ascribed
to a nitrogen deficiency [65]. However, this would lead to a
shrinking of the lattice parameters and thus to an underestima-
tion of the InN content, i.e. the opposite of what is observed
here.

Within the resolution of the XRD reciprocal space
mapping, no macroscopic phase separation was found in
the Al,_,In,N epilayers used in this study. However, micro-
scopic phase separation such as compositional fluctuations or
In-clustering may also lead to additional strain in the layer.
In fact compositional fluctuations in particular in the vicinity
of threading dislocations have been widely reported [66—70].

The samples with highest discrepancy between RBS
and XRD composition showed neither wider x-ray RC (as
expected for high threading dislocation density) nor higher
RBS/C minimum yields for the In-signal (as could be expected
for In-clustering). Moreover, no relation between absolute
InN content and the observed deviations were found. Further
studies are necessary in order to establish the microscopic
nature of defects that can cause strong hydrostatic strain in
samples with similar structural characteristics. Kaminska
et al [71] reported a strong fluctuation of the pressure coef-
ficients for Al;_,In,N alloys with similar composition close
to lattice matching in pressure-dependent photolumines-
cence studies. Possibly such anomalous behaviour can also
be explained by hydrostatic strain introduced by defects or
by impurities. In particular, Ga contamination features in the
literature on MOCVD growth of Al;_,In,N films [35, 55-60].
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Figure 7. The solid lines in frames (a) and (c) represent all quaternary compositions (up to 10% GaN content) compatible with the
measured lattice constants for samples C1 (a) and C2 (c). The central red line corresponds to the measured ¢ lattice parameters and the
outer lines to the limits defined by the uncertainty of the XRD measurements. The InN molar fraction measured by RBS is also shown
(square). Frames (b) and (d) show the In/Al ratio measured by RBS (black horizontal line) and its uncertainty (shaded area) as well as the
In/Al ratios compatible with the XRD measurements as a function of GaN incorporation up to 10% (solid coloured lines) for samples C1

(b) and C2 (d).

Kim et al [59] attributed unintentional Ga-incorporation to
the formation of an eutectic Ga/In liquid formed by the reac-
tion of Ga-containing material deposited on various reactor
parts with pyrolized In from injected TMIn. Ammar et al
[60] showed evidence that unintentional Ga-incorporation is
more severe in close-coupled showerhead vertical chambers.
In fact, all of the above-mentioned references implicate such
reactors. Sample set C, grown in a showerhead reactor, shows
a disproportionately high number of samples with discrepant
RBS and XRD results.

Incorporation of Ga into Al;_In,N while maintaining the
In/Al ratio close to the lattice match conditions will lead to
an increase of the c lattice parameter which can be mis-inter-
preted as deviations from Vegard’s rule since the InN molar
fraction will be overestimated when XRD data analysis does
not take into account the Ga-contamination.

Although RBS allows a quantitative and depth resolved
compositional analysis the sensitivity and depth resolution
is limited. In the conditions used for the present analysis we
can exclude the incorporation of Ga above ~2% GaN molar
fraction in the entire film. For very thin contaminated layers
close to the interface to GaN this limit will be higher, thus the

Ga-contamination of sample C2 displayed in figure 5(b) could
not be resolved in the RBS spectra.

Figure 7 evaluates the effect of such ambiguities for the
two samples C1 and C2 with x(RBS) ~ 0.16 where C1 exhibits
a good agreement between RBS and XRD (figures 7(a) and
(b)) and C2 exhibits a deviation of Ax = 0.013 (figures 7(c)
and (d)).

For the case of quaternaries, equation (3) must be extended
by an additional term for GaN when using Vegard’s rule to
calculate the relaxed lattice parameters and stiffness constants
[62]. In fact, for this case the composition is not unambigu-
ously defined by the lattice constants; instead a set of different
quaternary compositions can yield the same lattice constants.
The lines in figures 7(a) and (c) show all possible compositions
of a quaternary film which are compatible with the measured
lattice parameters of samples C1 and C2, respectively (the
central line corresponds to the measured lattice constant and
the outer lines define the error margins of the XRD measure-
ment). The composition determined by RBS and assuming a
pure Al In,N film is also shown (squares). While this com-
position is inaccurate if Ga-incorporation takes place, the
In/Al ratio can be determined with high accuracy from the
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RBS spectra since the signals from Al and In are well sepa-
rated. The horizontal lines and shaded areas in figures 7(b) and
(d) correspond to this ratio and its uncertainty, respectively,
while the coloured lines mark all possible ratios compatible
with the XRD lattice parameter measurements as a function
of the GaN-content. It is seen that for sample C1 (figure 7(b))
the In/Al ratio measured by RBS agrees well with all compo-
sitions allowed by XRD, i.e. in this sample we cannot exclude
the incorporation of Ga to a concentration below the sensi-
tivity limit of RBS of ~2% of GaN. Indeed, APT reveals a low
GaN contamination of ~0.4% for this sample while within the
uncertainties APT, RBS and XRD results on composition and
In/Al ratio agree well. In general we cannot exclude the incor-
poration of low levels of Ga in samples where XRD and RBS
compositions match well.

Figures 7(c) and (d) show a similar analysis for samples
with high discrepancies between the composition deter-
mined by RBS and XRD using the example of sample C2.
Figure 7(d) shows that, for homogeneous samples, uninten-
tional Ga-incorporation can be ruled out as a reason for this
discrepancy since the combined RBS and XRD results are not
compatible with Ga-incorporation; for low Ga-concentration
(<~4 at%) the In/Al ratios do not match while higher
Ga-concentrations would be visible in the RBS spectra.
However, for the case of sample C2, APT results in figure 5
reveal a strongly inhomogeneous Ga-incorporation in this
layer which can likely explain the discrepancies between the
three techniques (see table 2). One fact deserves a special note.
While the RBS depth resolution is not sufficient to reveal the
compositional gradient in this sample, the average In/Al ratio
is not affected and should match the APT values. Interestingly,
the In/Al ratios measured by RBS and APT in sample C2
differ significantly while they match within uncertainties for
sample C1. These results agree with previous works reporting
stable APT running condition for Al;_,In,N [53] but revealing
a dependence on the surface field for the case of Al;_,Ga,N
[54]. Further studies are necessary in order to establish stable
APT working conditions for quantitative APT analysis in
Al_,Ga,N and Al;_,_,Ga,In,N quaternary systems.

4. Conclusion

In this work Al;_,In,N thin films grown in three different
reactors (two different close-coupled showerhead reactors
and one horizontal-flow reactor) were studied. For 74% of
the Al;_,In,N films, the InN molar fraction from XRD, deter-
mined using Vegard’s rule, agrees with the RBS results, within
the experimental uncertainties. Applying the modification of
Vegard’s rule described in [30], the agreement increases to
87% of all measured samples indicating that a correction to
Vegard’s rule does improve consistency. Another indication
that the Al,_,In,N wurtzite system may require Vegard’s rule
corrections arises from the interpretation of deformation as a
function of the ternaries’ composition. By comparing the par-
allel and perpendicular deformations represented as functions
of the Al,_,In,N composition derived by RBS, the intersec-
tion between both functions occurs closer to zero deformation
if the modified rule is applied. However, the uncertainties of

10

the experimental techniques are too high to allow a definite
conclusion or an experimental determination of the bowing
parameters to be used in modifying Vegard’s rule. In par-
ticular, the unintentional incorporation of low concentrations
of Ga (<~2 at%) in the films cannot be ruled out. Furthermore,
the uncertainties in the binary lattice parameters and stiffness
constants introduce further systematic errors in the InN molar
fraction determined by XRD of an order of magnitude that is
similar to that of the Vegard’s rule modification determined
in [30].

For routine compositional analysis of Al,_,In,N by XRD,
our study shows that applying Vegard’s rule gives acceptably
accurate results. However, even small deviation leads to a
large difference in the composition leading to lattice-matching
with GaN (16.8% using Vegard’s rule and 18.7% if applying
the modification from [30]). Such a discrepancy may be sig-
nificant if the exact strain state of a layer needs to be known,
for example, when AlInN is used as a sacrificial layer in pro-
cessing of 3D GaN-based device structures [7]. Strain in such
under-etched structures may lead to bending or breaking.

Some of the investigated samples showed significant dif-
ferences in the derived InN content by both techniques. Such
discrepancies may be due to hydrostatic strain due to cer-
tain defect configurations or non-random distribution of In.
Furthermore, strongly inhomogeneous Ga-incorporation can
occur due to Ga-contamination of the growth reactor and
complicates compositional analysis.
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